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Abstract

Carbon efflux from soils is the largest terrestrial carbon source to
the atmosphere, yet it remains one of the most uncertain fluxes in
the Earth’s carbon budget. A dominant component of this flux is
heterotrophic respiration, influenced by several environmental factors,
most notably soil temperature and moisture. We developed a mech-
anistic model from micro to global scale to explore how changes in
soil water content and temperature affect soil heterotrophic respi-
ration. Simulations, laboratory measurements, and field observations
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2 Global warming accelerates soil heterotrophic respiration

validate the new approach. Estimates from the model show that het-
erotrophic respiration has been increasing since the 1980s at a rate
of about 1.7% per decade globally. Using future projections of surface
temperature and soil moisture, the model predicts a global increase
of about 40% in heterotrophic respiration by the end of the century
under the worst-case emission scenario, which is driven principally
by the reduction of soil moisture rather than temperature increase.

Keywords: Soil heterotrophic respiration, carbon cycle, soil micro-scale
processes, global warming, soil-climate respiration model, past and future soil
respiration trends

1 Introduction

Rising atmospheric carbon dioxide (COs2) concentration is one of the primary
contributors to global warming [1]. Within the terrestrial carbon cycle, soil
respiration, the emission of COs through root (autotrophic) and microbial
(heterotrophic) respiration, is the largest carbon efflux into the atmosphere
[1, 2]. Therefore, reliable quantification of how soil respiration may be affected
by climate change is critical for predicting future atmospheric CO5 concentra-
tions. Although terrestrial carbon fluxes play a key role in the global carbon
budget, their current estimates are highly uncertain [3-5]. Soil carbon fluxes
are dependent on complex interactions between biological, chemical, and phys-
ical processes, played out under fluctuating and heterogeneous environmental
conditions, making them difficult to measure and model.

Soils play a vital role in transferring, buffering, filtering, and accumulating
carbon at the interface between the atmosphere, biosphere, and lithosphere.
For example, soils contain about three times as much carbon (1500-2400 PgC,
1 Pg = 10'% g) as the atmosphere (600-800 PgC) or the Earth’s vegetation
(450650 PgC) [1, 6]. Roughly a quarter of atmospheric COs originates from
soils [7], which is five times more than anthropogenic COy emissions [8]. Soil
heterotrophic respiration (HR) is one of the primary mechanisms through
which terrestrial ecosystems release CO5 into the atmosphere, and its relative
contribution has been observed to gradually increase over the past two decades
[9]. HR varies over a wide range of time scales (e.g., daily fluctuations and
seasonal cycles), and is principally controlled by two climatic variables: soil
temperature and moisture [8]. While the soil temperature is positively corre-
lated with HR [10, 11], soil moisture shows a non-monotonic relationship [12].
Low soil moisture content reduces HR rates by limiting solute flux due to poor
water connectivity in the pores. High moisture content reduces HR by limiting
oxygen (Og) supply from the atmosphere due to the weak diffusivity of Os in
water relative to gas. As a result, the response of HR to soil water saturation
shows a bell-shaped response curve, with optimal conditions for respiration at
intermediate soil moisture content.
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Modelling HR rates based on soil temperature and moisture is challenging
due to the many interacting processes that are controlled by these variables
[8, 13]. Consequently, most modelling efforts to quantify changes in HR rates
as a function of temperature and moisture employ empirical parameterizations
using macro-scale (bulk) properties of the soil (e.g., [14, 15]) or empirical fits
using a variety of function shapes (e.g., [13, 16, 17]). These parameterizations
often have no direct connection to biophysical processes, and are site dependent
rather than universal laws [13].

Here, we provide a mechanistic perspective on soil HR built upon pore-
scale processes at the grain interface where microbial communities reside (see
inset of Fig. 1 as representation), and link this to global-scale patterns and
future trends. We first quantified soil HR starting from the pore (micro)
scale, integrating parameters that are biological (e.g., microbial respiration
and production of COs), chemical (reaction processes), and physical (trans-
port mechanisms and soil texture). Subsequently, we upscaled the pore-scale
HR relations by defining scaling laws from pores to water patches using per-
colation theory [18], which allows us to make predictions of HR fluxes for
larger (continuum) scales while maintaining the biophysical representation of
the pore scale. Then, considering soil temperature and moisture variation in
space and time, we show that the model yields estimates of recent trends in
soil HR rates at the global scale that are in line with observations. Finally, we
use this mechanistic model to simulate how soil HR might change under the
worst-case future climate scenario from CMIP6 climate change experiments.

2 Results

2.1 Soil heterotrophic respiration at the pore scale

To quantify the non-linear relationship between HR and soil moisture content
[12], which is considered to be the most uncertain parameter when estimating
soil HR [13], we started by performing pore-scale numerical simulations using
an image-based percolation algorithm, to obtain the air—water distribution in
the soil matrix under different saturation degrees [19] (Methods and Extended
data Fig. la). Different soil configurations were examined by changing the
characteristic grain diameter \.. The soil configurations were generated using
a random distribution of circular grains with radius ..

Based on the air—water distribution in the soil from the percolation simula-
tions (Extended data Fig. 1b), reactive transport simulations were computed
on the 2D pore-scale domains [20] (Methods and Fig. 1) to quantify the
response of HR to soil saturation degree (9~ = 0/0, where 6, is the mois-
ture capacity of the porous media). In these simulations, other environmental
conditions (e.g., ambient temperature and reaction parameters) were kept con-
stant (Extended data Table 1). The inset in Fig. 2a shows the model output,
revealing the expected non-monotonic relationship between 6 and mean soil
HR, R), = fQ %dQ, where Ry, is the local respiration [mol m~2 s71], V,, is

the maximum respiration rate [mol m~=2 s™!] from the surface of grains, and



116

117

118

119

120

121

122

123

124

125

126

127

Springer Nature 2022 I TEX template

4 Global warming accelerates soil heterotrophic respiration

is the length of the solid-liquid interface [m]. As expected, R}, increases as the
characteristic grain size (\.) decreases, due to the increase in the surface area.

Vi

(7~

Fig. 1: Schematic of the reactive transport model at the pore-scale. Oy () dif-
fuses from the atmosphere (gas phase) and is dissolved to the liquid phase
(O2(aq)) according to Henry’s law. Simultaneously, dissolved organic carbon
(DOQ) is released from soil organic matter (OM). In the presence of both
O3(aq) and DOC, aerobic heterotrophic respiration occurs at the interface
between the aqueous phase (blue) and the surface of soil grains (brown) by
attached microbes (biofilms). As a result, COgy(,q) is released to the water
and to the atmosphere COg(y). In the inset, a scanning electron microscope
image shows a cluster of bacteria (greenish colored) around a micrometer root
(brown); false coloring was applied for illustration purposes.

To make the connection between pores and continuum (bulk) scale pro-
cesses, we examine the flux Ry, as a function of the number of water patches
[21] in the domain N, and the mean characteristic size of those water patches
Sc, both dependent on saturation degree . Simulations show that there is a
characteristic scaling relation Ry, /N, ~ S, which indicates a proportionality
between the respiration rate within a single water patch and its size (dots in
Fig. 2a).

From the scaling laws of percolation theory [18], we derive the characteristic
number (N.) and sizes (S.) of water patches within the domain [21], for differ-
ent water saturation degrees (see Methods). The resulting theoretical relations
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Fig. 2: (a) Simulated mean heterotrophic respiration rate per water patch
(Rn/N,) as a function of the water patch characteristic size (S.). The inset
shows the non-monotonic relationship between the mean soil HR (Ry,) and soil
saturation (), for different grain sizes A.. The error bars represent the standard
deviation of 20 realizations. (b) Dimensionless heterotrophic respiration at
the scale of a single water patch as a function of 3, for different o values
(Methods, Eq. 7). The solid lines represent the analytical solutions (Methods)
for the limiting cases; u is the dimensionless substrate concentration. Insets
show the spatial distribution of the reaction within a water patch (o = 0.1),
for 8 = 0.1 (left inset) and 8 = 1000 (right inset). The colorbar represent the
dimensionless respiration rate at logarithmic scale.

of N, and S, to 6 at the continuum scale (Egs. 2, 3 in Methods) were com-
pared successfully against the results from numerical percolation simulations,
and are shown in Extended Data Fig. 2a,b. In addition, to further validate
Egs. 2 and 3, we conducted laboratory drainage experiments using microflu-
idic chips with different grain sizes A, in which we compared simulated and
observed water patch properties (Methods and Extended Data Fig. 2c,d).

2.2 Soil heterotrophic respiration at the patch scale

Following the results of pore-scale simulations in Fig. 2a, which demonstrate
the basic relation between water patch size (S.) and respiration rate, we
can now generalize the problem to account for variation in environmental
conditions (i.e., soil texture, temperature, substrate concentration, diffusion
and reaction parameters) by formulating a steady-state Diffusion Reaction
Equation (DRE) at the scale of a single water patch. The mathematical for-
mulation is based on three general assumptions: (7) the reactive volume can be
treated as homogeneous within the water patch and proportional to the grain
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6 Global warming accelerates soil heterotrophic respiration

surface area, (#) the substrate (dissolved organic carbon) concentration is uni-
formly distributed within the water patch, and (i) at steady state conditions,
microbial activity is proportional to the substrate fluxes.

In non-dimensional form, with symmetrical and spherical coordinates, the
DRE can be written as (see Methods for the mathematical development),

2

du + 2du _ Pu , (1)

dx?  xdx u+a
where u is the normalized oxygen concentration, § and « account for the
biophysical parameters of the soil, solute, reaction, and characteristic water
patch (Methods Eq. 6), and x is the normalized spatial coordinate. An ana-
lytical solution for Eq. 1 is not available, except for limiting cases (o << u
or a >> u). We can, however, solve Eq. 1 numerically, to obtain the (non-
dimensional) total respiration rate as a function of 3 for example, for different
« values for a characteristic water patch (dots in Fig. 2b). To examine the
validity of Eq. 1, we compare it with the results from the 2D numerical reac-
tive transport simulations (Fig. 2a). The solid black line in Fig. 2a represents
the numerical solution of Eq. 1 for A, = 1 [mm)].

Numerical solution of Eq. 1 reveals the effect of § on HR at water patch
scale for different o values (dots in Fig. 2b). High 8 values are associated
with large water patches (i.e., high é), porous media with high surface area
(i.e, small A.), small diffusion coefficient (e.g., at low temperature) and high
reaction rates. As a consequence, at high [, the local reaction rate within a
water patch shows spatial variability, where dissolved Os is rapidly consumed
at the surface of the patch and does not penetrate into the patch’s interior
(Fig. 2b right inset, 8 = 1000). On the other hand, at low 3 values, reaction
production is uniform in space (Fig. 2b left inset, 8 = 0.1), and there is no Oq
limitation within the water patch. In general, as the values of a decrease and
B increase, more respiration (i.e., COq efflux) takes place in the water patch;
for more details see Methods.

To test our modelling framework, we compared the simulated and observed
HR rates with published laboratory and field measurements demonstrating the
dependence on soil saturation [22, 23] and temperature [24, 25]. To define the
soil parameters for these comparisons, the reported soil texture was used to
estimate A, [26] and porosity ¢. Other parameters (e.g., diffusion coefficient,
oxygen concentration) were derived using the temperature conditions, while
the substrate (DOC) concentration was assumed saturated with respect to
Michaelis—Menten kinetics. Despite the considerable experimental scatter and
the uncertainties inherent in initializing some of the model parameters, the
observations and model outputs were in good agreement (Extended data Fig.
3a,b).

2.3 Soil heterotrophic respiration at global scale

To validate the predictions from our model for various climatic locations, we
compare the results with the global soil respiration database [27] (Extended
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Data Fig. 3c). To estimate the model parameters (Egs. 6, 7), we used global
databases (at a spatial resolution of 0.25° and at monthly intervals) to char-
acterize the soil temperature and saturation degree [28], soil texture [29], and
dissolved organic carbon concentration [30] (for more details see Methods and
Extended Data Fig. 5). We computed soil HR at monthly resolution, and aggre-
gated the values to obtain a mean annual HR representing the time period
of each observation. Despite large uncertainties in the global climatic and soil
databases, the results from our model are in good agreement (RMSE = 0.018).

The globally simulated top soil (0-10 cm depth) annual HR is presented
in Fig. 3a. We find that the average global HR rate from the topsoil layer is
~ 282 gC m~2 yr~—!, which is consistent with previous estimates [5, 31, 32]
and represents approximately 70% of current estimates of the total soil HR
respiration (about 42 PgC yr~!). This highlights the dominant contribution
of the topsoil to soil HR resulting from the fact that this layer is usually
under semi-saturated water conditions, at a higher temperature than deeper
soil layers, rich in soil organic material, and abundant heterotrophic organisms.

a b
T 1.2
© Global
gL - B Tropical Zone
8N e . : . - L.15 { - subtropical Zone
ot > —:ﬂ&‘v’k - Temperate Zone
60°N |- PR b 1.1 |L° Arctic Zone
o 40°N : &y
2 N Pi Nl
E 20°NF log;oHR ~ '(-%1 o 7 o
5ol 3/ 4 -3k o
> f
20°St+ 4
0°S 1 i $ s
4008k 0 - .
‘ 0.32% [AHR yr
60°S '1‘ . . L . . . 85 . — Shifting point
150°W 100°W 50°W 0° 50°E 100°E 150°E 1960 1980 2000 2020
Longitude Year

Fig. 3: (a) Global map of simulated mean annual soil HR rate (for year
2021); colour bar in logarithmic scale (log,,(HR), where HR units are gC
m~2 yr~!). White regions represent aquatic environments or missing data.
(b) Temporal trend in soil HR over the period 1948-2021; colours represent
different latitudinal climatic regions. The black line is a linear fit to the global
data (with shading indicating the 95% confidence interval for the fit), and the

cyan line is the fit for the Arctic zone.

2.4 Present and future trends in soil heterotrophic
respiration

In light of current trends in surface temperature and soil moisture [1, 33], and
the fact that these two are the main factors controlling soil respiration [8], we
estimate the temporal evolution of soil HR over the last 73 years (1948-2021)
based on these two climatic variables from the Global Land Data Assimilation
System database [28] (Fig. 3b). Data for each geographical zone and the global
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value are normalized by the mean soil HR from 1948 to 1980. A statistically
significant trend (p < 0.01; Mann—Kendall test) is seen from 1980 onwards,
where soil HR shows an average global increase of 0.17% =+ 0.05% each year.
This is equivalent to an average increase of around 7 gC m~2 per decade.
Similar trends are found for all geographical zones except the Arctic, where
model output suggests a greater increase of 0.32% + 0.11% annually. These
findings are in agreement with field observations for 1989-2008 [27] and with
remote sensing data for 2000-2014 [34] of the overall soil respiration.

The global trend estimated by our model is roughly 1.5 times higher than
previous estimates computed using a machine learning algorithm [35] (based
on the SRDB database [27], with low temporal resolution and for the entire
soil column. The topsoil layer is an interface to the atmosphere and thus is
more sensitive to environmental feedback and changes. Hence, the discrep-
ancy between the two models, which use different approaches (mechanistic
and data-driven) and soil layers, falls within reasonable limits. In the Arctic
zone, although the change in HR is already meaningfully higher than in the
other geographical regions (~ x2), soil HR shows highly scattered values (Fig.
3b). This is due to extreme fluctuations between seasons in the Arctic; as an
example, in 2010, due to the extremely hot summer [36], the model indicates a
15% increase in soil HR compared to the baseline. As these fluctuations have
become more frequent in the last decade (Fig. 3b, 2010 onwards), soil HR in
the Arctic might increase considerably faster than 0.32% per year.

Finally, to predict potential future trends, we used data from 10 Earth
System Models (Coupled Model Intercomparison Project phase 6, CMIP6 [37],
resolution of 1° and monthly) to assess how changes in surface temperature
and soil moisture might affect the evolution of soil HR until the end of the
century (Fig. 4a). We employ the worst-case greenhouse gas emission scenario
(SSP5-8.5 scenario) as an upper limit for future projections of soil HR. On
this basis, the model predicts a dramatic increase in soil HR emission in all
geographical zones (~40%), with a much greater increase in the Arctic zone
(~ 100% increase by 2100).
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Fig. 4: (a) Future projections of soil HR based on our model, for different
geographical regions. Points represent HR estimates based on the ensemble
average of ten CMIP6 climate models (SSP5-8.5), which were used to initial-
ize the model parameters of surface temperature and soil moisture; climate
model uncertainty is represented as minimum and maximum estimates of soil
HR among the ensemble (shaded areas). (b) Surface map of soil HR (log;,
scale) as a function of the soil moisture (5) and surface temperature (T'). The
model was parameterized under the average global conditions of soil grain size
and substrate concentration. The large point for each geographical zone corre-
sponds to its current state in 2021, with symbol size representing the relative
contribution to global soil HR (Tropical 67%, Subtropical 23%, Temperate
10% and Arctic 0.1%). Projected annual changes in soil moisture and surface
temperature are indicated by small points; the variance between the climatic
models is represented by the error-bars along each trajectory. The symbol x
at the end of each trajectory represents the predicted variable values at the
end of the century. The dashed purple line indicates the peak of the HR.

To better understand the mechanisms underlying the HR predicted trends,
we computed and displayed the projected soil HR as a function of the surface
temperature and soil saturation (Fig. 4b). All geographical zones are predicted
to experience a strong increase in surface temperature and a moderate decrease
in saturation (Fig. 4b); this is predicted to result in a strong increase in the soil
HR rate (percentage values within Fig. 4b). The increase of surface tempera-
ture and decrease of soil moisture cause the soil HR to increase in parallel with
the surface maximal gradient, which leads to a (near) maximal rate-of-change
in the tropical and temperate zones — and also globally. Notably, some of the
geographical zones are in the vicinity of the maximum HR potential (purple
dashed line) based on their mean temperature and soil moisture (most clearly
the tropical and temperate zones). This might suggest an adjustment of the
soil microbial activity to maximum production in these zones. Changes in soil
HR in all geographical zones except the Arctic show an increase of 38-48%
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by the end of the century (Fig. 4b). The Arctic zone occupies a unique place
on this surface. While current observations reveal a considerable increase in
surface temperature but little change in soil moisture, climate models project
instead a future decrease in soil moisture, which results in a sharp increase in
the predicted soil HR by > 100%. This strong increase stems from the curva-
ture of the HR surface at the Arctic location, where the maximum change is
oriented upwards and to the left on the surface. The model response surface
indicates that a reduction in soil moisture, in all zones except in the Arctic,
will lead to a reduction in soil HR.

3 Discussion

We have presented a biophysical model to estimate soil heterotrophic respi-
ration from climatic data. The principal innovation of our approach is the
mechanistic perspective on soil HR from pore to global scales, in the absence
of any empirical parameters, which enables robust quantification of current
HR rates and future trends. The simplicity of the model is encapsulated by
the two variables, @ and 8 (Methods Eq. 6), that control the respiration rate
at the scale of a single water patch (Fig. 2b). Moreover, as the value of « is
strictly limited (0.01 < a < 0.5) for aerobic respiration, it is mainly 8 that
controls the reaction rate within a single patch (Extended Data Fig. 4b). We
validated the model against controlled laboratory measurements, and against
field observations, and find a good agreement with the predictions (Extended
Data Fig. 3).

A fundamental assumption of the model is that the ambient conditions
control microbial functioning [38], despite the taxonomic diversity of microbes
on Earth [39, 40]. This assumption is supported by the relative importance
of B over a (Fig. 2b) in determining HR rate at the single patch level, as
[ characterizes the environmental conditions while « accounts for microbial
activity.

As demonstrated by the global-scale analysis (Fig. 3b), HR from the topsoil
layer is increasing globally at a rate of about 1.7% per decade (equivalent to
an increase of about 0.9 PgC per decade). This trend is similar in all geograph-
ical locations, except for the Arctic zone, where the rate is almost double the
global mean (3.2% per decade). Based on projections of changes in soil tem-
perature and moisture obtained from climate models, we demonstrated that
future trends indicate a gradual increase in annual soil HR rate until the end
of the century (5% per decade), with a greater increase (14% per decade) in
the Arctic zone (Fig. 4a). Within the Arctic zone, unlike other climatic zones,
the change in soil HR is principally driven by a projected reduction in soil
moisture rather than by the increase in temperature (Fig. 4b). According to
current observations, the soil moisture content in the Arctic does not yet show
a negative trend and remains on average close to saturation. The increase in
soil respiration in the Arctic over the last four decades (Fig. 3b) is thus still
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mainly due to increasing surface temperature, and the onset of declining soil
moisture may represent a tipping point.

Our model does not take into account temporal changes in dissolved organic
carbon concentrations in the soil, as supported by observations [41],; in con-
trast, we consider the temporal changes in soil water content and temperature
as an indicator of the availability of dissolved organic carbon for heterotrophic
respiration. The modelled temporal trends of soil HR, which are consistent with
observations [5, 31, 32], imply that surface temperature and soil moisture are
the main controls of the HR rate and, thus, the availability of dissolved organic
carbon. At large time scales, carbon efflux cannot exceed the carbon influx by
Gross Primary Production. The ratio between HR and autotrophic respiration
has increased over the past three decades [9]. Those two facts, together with
the predicted HR increase, are a manifestation of the non-equilibrium condi-
tions of the terrestrial ecosystem, where HR, at short time scales (i.e., up to
hundreds of years), is independent of Gross Primary Production, eventually
leading to a loss of the soil carbon stocks [42, 43]. How future changes in the
Earth’s climatic environment will affect the terrestrial carbon cycle is one of
the primary concerns of the 21st century, and this study sheds light on one of
its primary mechanisms.
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4 Methods

4.1 Image-based invasion percolation algorithm

An image-based invasion percolation algorithm [19, 44] was used to simulate
the water spatial distribution at different saturation degrees () for different
porous medium configurations. The porous materials were generated using
randomly distributed grains of a uniform diameter (\.) within the domain (20
realizations for each A.); each porous medium system had overall dimensions
of 3 cm (width) x 2.25 cm (height), and a porosity of 0.5. Initially, the domain
is filled with water, and during the invasion percolation process, the air is
entering from the upper boundary of the system and invades the liquid phase,
following the capillary entry conditions at the air—water interface. At the end
of the simulations, the percolation clusters (Extended Data Fig. 1a) and thus
the distribution of water patches within the domain (Extended Data Fig. 1b)
is obtained at different saturation degrees. Note that even though we used a
uniform grain size for each realization, the resulting simulated porous media
are highly heterogeneous in their pore size distributions (see inset in Extended
Data Fig. 1b as an example). For more details see [44].

4.1.1 Estimating water patch proportionalities from
percolation theory

From percolation theory, we expect that the size distribution of water
patches n(s) in the domain follows a general proportionality [18], n(s) =
s exp(—s/€), where s is the water patch size, 7 is the Fisher exponent, which
depends on the dimensionality of the system, and £ is a cut-off parameter,
which depends on the porous medium properties and the saturation degree [21].
From this definition of n(s), we calculate the characteristic number of patches

in the domain using the mean of the distribution function, N, = fol n(5)ds

T—1
(where § = s/65), which yields N. = (%) ri—r)—-E; (%), where T is
the gamma function and F, is the exponential integral function. From mass
conservation, the characteristic patch size is

S, =0/N.,. (2)
From percolation simulations, the value of £ is found to depend on 6 as

¢ =v(1—0), with v = 100. Finally, to account for the total number of water

d(1—6)
patches in the domain of length scale L, N, is normalized by N? = (A%)

[21], to yield

No(B, o) ~ NO(G, ) ( 5(15))7_1 r(l-7)-E (5(1)) NG

where d is the dimensionality (d = 2 for the numerical simulations). According
to this formulation, under fully saturated conditions (8 = 1), N. = 1 (thus

~—
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a single water cluster) and the characteristic patch S. has the size of the
entire system voids. The resulting theoretical relations of N, and S, to 6 at
the continuum scale (Egs. 2-3) are shown in Extended Data Fig. 2a and b,
respectively, and compared to the numerical percolation simulations.

4.2 Microfluidic experiments

To support the relationships between water patch properties and soil sat-
uration degree (Egs. 2,3) obtained from percolation theory, we performed
microfluidic experiments. Microfluidic chips were fabricated using soft lithog-
raphy [45]. Each chip had overall dimensions 5 cm X 5 cm x 0.005 cm. Similar
to the numerical simulations (Methods), the solid phase was generated by ran-
domly distributing circular objects (”grains”) with diameter A\, mm. To mimic
the invasion percolation algorithm, the microfluidic chips were placed with a
long axis vertical and saturated with water (dyed with fluorescein solution of
0.01 mM) as initial condition. The upper side of each chip was open to the
atmosphere, and the lower side was open for drainage. The air and water phases
were monitored during the drainage process using a CCD camera (Ximea, Ger-
many), and the relationship between the number and size of water patches and
the saturation degree was obtained by image analysis (Extended Data Fig. 2).

The divergence of the experimental data (Extended Data Fig. 2) from
theory observed at very low saturation conditions is expected (as 6 — 0, also
N. — 0), because the relations in Eqgs. 2-3 are derived at the percolation
threshold [18] and therefore cannot account for the limiting cases of very high
and very low saturation conditions. However, for the range of expected soil
saturation levels in natural soils, the theoretical relations fit the laboratory
data very well.

4.3 Numerical simulations of the two-phase
reaction—diffusion equation in porous media

Based on the water—air spatial distribution from the invasion—percolation sim-
ulations, finite-element simulations of the diffusion—reaction equation were
performed [20].

Within the system, two phases are considered, the (air) invading phase, ®,
and the (water) depending phase, ®,,. Chemical components (i.e., Oz, COq
and dissolved organic carbon, Cy) are transported solely by diffusion, where
each component has a phase-dependent diffusion coefficient. Surface reactions
(Michaelis—-Menten kinetics) take place on the perimeter of solid grains [46] in
®,,, with rate
T— Co, (4)

Cs + Ki(s) Co, + Kino,)

where V,,, is the maximum local rate of HR reaction [mol s~*m~2], Cp, is
the dissolved oxygen concentration, Cs is the substrate concentration and
K (s) and K,y,(0,) are the Michaelis constants of the substrate and oxygen,
respectively. At the interface of the two phases, mass transfer of chemicals

Rsurf =
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is simulated by Henry’s Law [47]. A fixed atmospheric concentration (C0o,)
was set as the upper boundary condition for oxygen, while the other exter-
nal boundaries were treated as open for all species. At the perimeter of the
solid grains in ®,, phase, a constant dissolved organic carbon concentration
(COpoc) was set, to describe the organic matter (OM) degradation to dis-
solved organic carbon (Cj). Then, Cy is transported by diffusion and reacts
with dissolved oxygen, Cp, species, to produce dissolved CO2 (Eq. 4). 20
realizations were performed for each value of A.. The parameters used in the
numerical simulations are given in Extended Data Table 1.

4.4 Reaction—diffusion equation at the continuum scale
for a single water patch

For a single water patch, the dissolved oxygen concentration (Cp,) can be

derived by solving the steady-state diffusion-reaction equation (DRE). Assum-

ing that water patches can be approximated by a spherical shape, the DRE

can be written as

b (d2002 2 d002> 3¢V, G, Co,

_ 5
dr? r dr Ae Cs+ Km(s) COz + Km(o2), ( )

where D,, [m? s71] is the molecular diffusion coefficient of dissolved oxygen in

water, ¢ is the medium porosity and r is the radial distance. The term % is
the specific surface area [m? m~3], obtained by assuming spherical grains as

the soil particles. By defining the following dimensionless parameters,

C Ko 3VimpCsrg
,U/:702 7X:L ;= (02) ; B: ¢ TO 5 (6)
CvO To C’0 Dm)\cCO(Cs + Km(s))
we can rewrite Eq. 5 as
d’u 2du Bu
—— T = (7)

d? " xdx  utal

Implementing boundary conditions (1) = 1 and «'(0) = 0, Eq. 5 can be
solved analytically for the limiting cases

%ﬂ()f—l)—i—l; ifa<<u
0= {2 ()
if a >> w.

28 ;
X(e Ve —1)
Otherwise, Eq. 7 can be solved numerically. To derive the characteristic

reaction term, i.e., the right-hand side in Eq. 7, the solution for the normalized
concentration, u(x), is implemented in the reaction term. Then, the reaction
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rate depending on the radial coordinate can be obtained. Note, in the case of
a << u, the reaction term is equal to § solely, without any radial dependency.

The analytical solutions for the limiting cases (where oo << u or o >> u)
can be used to delineate the boundaries of the real solutions. As can be seen in
Fig. 2b, at low S values, the solutions can be restricted to a relatively narrow
range (~ an order of magnitude) between the two analytical solutions (solid
and dashed lines in Fig. 2b). This range increases as ( increases. Up to = 10,
the analytical and the full solution (solved numerically) show an excellent
match. This suggests that analytical solutions for HR can be useful if 3 is rel-
atively small (8 < 10). However, the value of § is likely to vary strongly given
the variation in the two main components that control soil HR: temperature
and soil moisture (Extended Data Fig. 4a). Moreover, as we demonstrate in
Fig. 2b, the assumption o >> wu leads to a large difference with respect to the
real solution when « is relatively small (the upper dashed line shows the ana-
lytical solution for o = 0.1 [48, 49]). In contrast, for large o (the lower dashed
line shows the analytical solution for a = 10), the analytical solution captures
the numerical solution. However, such higher « values have no meaning for
aerobic respiration, where Michaelis constant, K,,, is always smaller than the
saturated substrate concentration (i.e. it can be safely assumed that for aer-
obic microbes, the apparent K, for respiration is smaller than the maximum
O concentration observed at the soil-air interface).

4.5 Global databases and climate projections

To initialize the model parameters, we used a set of global gridded databases
at a resolution of 0.25° and monthly time interval. Data came from remote
sensing measurements (surface temperature, soil moisture, surface altitude and
texture [28]), and by observation interpolation (dissolved organic carbon [30]).

Based on these data sets, for each grid point we derived the following
variables:

® Surface temperature

e Atmospheric oxygen concentration, based on the location’s altitude and
temperature [47]

¢ Dissolved oxygen concentration (Cp), according to Henry’s law [47]

¢ Oxygen diffusion coefficient in water (Do, ), based on the ambient temper-
ature [50]

® Soil representative grain size (A.) [26]

® Soil surface area (SSA) [51]

® Soil saturation degree, and thus the resulting water patch characteristic size
(S¢), and the number of patches (N,).

e Maximum reaction rate, V,,, for Michaelis—-Menten kinetics, based on the
ambient temperature [46, 48] and the soil surface area

¢ Dissolved organic carbon concentration [30]

Using these variables, Eqs. 1 - 3 were parameterized to each location on
the global grid. In Extended Data Fig. 5, we present a schematic illustration
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of the model methodology for deriving heterotrophic respiration.

To predict future soil HR, we used climate projections from ten global circu-
lation models from the Coupled Model Intercomparison Project Phase 6 [37].
To maximize climate projection variability [52], we chose climate models that
minimized the genealogy similarity between them [53]. We used the following
models: ACCESS-CM2, EC-Earth3-Veg-LR, CNRM-CM6-1, NorESM2-MM,
MPI-ESM1-2-LR, MIROC6, CanESM5, MIROC6, CMCC-CM2-SR5, CAMS-
CSM1-0, and CESM2, and derived two variables: surface temperature and
soil moisture in the upper portion of the soil column. The data were obtained
with a monthly and 1° resolution from the worst-case greenhouse gas emission
scenario (SSP5-8.5 [54]) covering the period between 2015 (used as a reference
year to represent present climate conditions) and 2100. Our model was then
used to compute soil HR for each grid cell for the entire period. We present
results of the simulation summarized for four climate zones: Tropical (0° to
23.5° N/S), Subtropical (23.5° to 40° N/S), Temperate (40° to 65° N/S),
and Arctic (65° to 90° N/S). The evolution of soil HR for each of the climate
models are presented in Extended Data Fig. 6.

Data availability

The raw data, datasets and computer codes to support all the results and
analysis of this study have been deposited in the GitHub repository GitHub
repository.
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Extended Data Fig. 1: (a) Example of a single realization of the invasion—
percolation algorithm (A, = 0.2 mm). The colour bar represents the soil

saturation degree (6) when each water cluster was invaded; blue are the first
and red are the last invaded clusters. (b) Air (white) and water (blue) distri-
bution in the soil matrix (soil grains in grey) for 6 = 0.4 from the same run
of the invasion—percolation algorithm as in (a). The magnified inset shows the
formation of small water patches, which are held by capillary forces.

Extended Data Table 1: Parameters for the two-dimensional pore-
scale simulations of Fig. 2a.
Parameters that depended on temperature (i.e, diffusion coefficients (D;),

Henry’s constant (kH) and maximum reaction rate (V,,,)) were calculated based
on 25 °C.

Parameter Units Value Description Source
Do, (g) m? 7! 1.9x 107°  Atmospheric oxygen diffusion coefficient [57]
Dco,(g) m? st 1.4%107%  Atmospheric carbon dioxide diffusion coefficient [57]
Do, (aq) m? st 2.5x107°  Dissolved oxygen diffusion coefficient [57]
Dco,(aq) m? st 2.1x107°  Dissolved carbon dioxide diffusion coefficient [57]
Dpoc(ag) m? 7! 4.5 x 10710 Dissolved organic carbon diffusion coefficient [58]
kH mol L~ atm™!  0.0013 Henry’s law constant

CO()g(g) mol m™? 10 Representative atmospheric oxygen concentration

C00,(aq) mol m~? 1.32 Dissolved oxygen concentration at the gas-liquid interface

COpoc mg L1 30 +(10) Dissolved organic carbon concentration at the soil grain perimeter  [30]
Vin mol m~2 s~ ! 6x 10712 Maximum (surface) reaction rate [48, 49]
K (s) mol m™3 1 £0.025 Michaelis constant for dissolved organic carbon [48, 49]

Km(02) mol m™? 0.1 £(0.05)  Michaelis constant for oxygen [59]
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Extended Data Fig. 2: (a) Number and (b) characteristic size of water
patches from the pore-scale simulations (Fig. 2a) for different grain sizes (leg-
end). The solid lines in a and b represent Eq. 2 and Eq. 3, respectively. (c)
Experimental measures of drainage in microfluidic chips of different grain sizes
(legend) and the comparison with the scaling law of Eq. 3 (dashed lines). The
vertical error bars show the standard deviation between three replicates. (d)
A snapshot from the drainage process inside the microfluidic chip, at 6 = 0.5
(Ac = 0.15 mm); water in blue and air in grey. Based on these images, we
extracted the water patch properties (i.e., S. and N,).
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Extended Data Fig. 3: Observations (dots) of soil heterotrophic respiration
as a function of (a) soil saturation [55, 56] and (b) ambient temperature
[24, 25] conditions, and the predictions of our model (solid lines), based on the
reported soil texture, saturation degree and ambient temperature; dissolved
organic carbon concentration was assumed to be at saturated conditions (i.e.,

Cﬁc?sm(s) — 1 in Eq. 5, Methods). (c¢) Model predictions plotted against field

observations [27] of soil heterotrophic respiration, at different climatic locations
(colour bar indicates the latitude). The respiration rate was normalized based
on the reported soil depth (thus, in units of gC m~1 yr=1).
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Extended Data Fig. 4: (a) Two-dimensional contour surface (colour scale)
based on the model (Methods Egs. 1 - 3) of log;,(8) as a function of the
surface temperature (7') and soil saturation (é) Note that for this particular
example, the global mean grain size (0.3 mm) was used to parameterize A.,
and dissolved organic carbon concentration was assumed to be at saturated

conditions (i.e., (75+CTS() — 1 in Eq. 5, Methods). (b) Global map of the

annual mean § values (year 2021); colour bar on logarithmic scale (log;(5))-
(c) Probability density function of logarithmic § values based on the global
map in b; the overall mean value of 3 is ~ 400 (dashed red line).
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Extended Data Fig. 5:

Schematic illustration of the model methodology to derive estimates of het-
erotrophic respiration from climatic and soil data.

(1) Based on the altitude (k) and the ambient temperature ("), the ambient
pressure is determined via the ideal gas law.

(2) Soil relative saturation degree (§) is calculated using the soil moisture (6)
at the topsoil layer and the porosity (¢), 8 = 6/¢.

(3): The dissolved oxygen diffusion coefficient (Do, [cm? s71]) in water is
evaluated using an empirical relation with the ambient temperature (7') [50]:
logo(Do,) = —4.41 + (773.8/T) — (506/T)2.

(4) Dissolved oxygen concentration is calculated using the ambient pressure
(1) and Henry’s law solubility parameter (kH [mol kg=! bar—1]). [47].

s . . - c
(5) Within the Michaelis-Menten kinetic [46, 48], Vi, - _ng(s) oy _H‘?f”(%),

the value of Cj is evaluated based on a dissolved organic database [30]. The
maximum reaction rate is given by V,,, = asexp(—E,/(RT)); where R is the
universal gas constant, 7" is the surface temperature, and ag and E, are the
pre-exponential factor and activation energy of the enzymatic reaction, respec-
tively. In the model, the value of the pre-exponential factor, ay, is proportional
to the soil surface area (SSA). Therefore, V,,, in the upscaled model, is a func-
tion of the surface temperature and the soil texture (i.e., surface area).

(6) The water patch characteristic properties, namely number (N., Eq. 3) and
size (S¢, Eq. 2) are evaluated based on the characteristic grain size (A.) and
the soil saturation degree (f).

(7) By combining the results from (3), (5) and (6), Eq. 1 can be solved (see
main text).

(8) Based on the water patch properties in the system, Egs. 2 and 3 can be
solved to characterize the spatial distribution of water at different saturation
conditions.

(9) By multiplying the solution of (7), i.e., the heterotrophic respiration rate
for a single water patch, by the number of patches in the domain (8), we can
obtain the heterotrophic respiration rate from the soil matrix (of length scale
L).
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Extended Data Fig. 6: Projected changes in soil HR (ratio relative to
the reference year of 2015) through the 21st century estimated using climate
projections from 10 different climate models. Symbol colours represent different
climate zones.
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